and sharing approaches. Our analysis can inform integrated land-use planning initiatives where, historically, the supply and demand for CP have been the single dominant driver for the current landscape configuration.
Sustainable food production requires approaches that reconcile agricultural production with the conservation and sustainable use of natural resources, biodiversity and associated ecosystem services. While the contribution of agriculture to the provision of individual ecosystem services has received considerable scientific attention, little is known about the extent to which tropical landscapes can meet societal expectations related to food production and environmental sustainability simultaneously. We assessed how the spatial configuration of pedo-morphology and land uses influences the provision of three soil-based ecosystem services in eastern Amazonia: carbon storage (CS), habitat for biodiversity (HB), and agricultural commodity production (CP). We use the Functional Land Management framework to assess the supply and demand of these ecosystem services in a spatially explicit manner to identify areas of (mis)matches and trade-offs in the municipality of Paragominas, Brazil. The supply of ecosystem services was informed by a literature review for the various combinations of pedo-morphological characteristics and land uses in the region. The demand for ecosystem services was mapped based on federal and state policy targets. Mapping the supply and demand of CS indicated that half of the carbon in the region is stored in remnants of undisturbed forest which cover only a third of the municipality. Demand for HB in terms of forested area is met but it does not guarantee safeguarding biodiversity. Roughly a third of the territory shows scarce quality of HB even when compliant with legislation. Concerning CP, we identified areas where both supply and the demand to increase production are relative high due to road access and lower intensification costs. The demand for agricultural production can eventually incentivize the expansion of agriculture on fertile soils, which could compromise environmental targets. Our results suggest that the simultaneous delivery of multiple ecosystem services may require land-use pathways that combine land sparing
INTRODUCTION
With the growing human population in many parts of the world there is a challenge to reconcile food production with the conservation of biodiversity and associated ecosystem services. This requires that the production of higher volumes of food is accompanied by profound changes in the way food is produced, accessed and distributed (Holt-Giménez et al., 2012) . The Amazon basin is a crucial region to tackle this challenge due to its unrivaled biodiversity, its regional and global regulating function of the carbon and hydrological cycle (Barthem et al., 2004; UNEP et al., 2009; Townsend et al., 2011) , and its massive potentially available area for cropland expansion (Eitelberg et al., 2015) . More than half of the Amazon rain forest is in Brazil, and of this portion, one fifth of the forestland has been cleared since the 1970s (WWF, 2019) . The major cause of this loss is land-use changes driven by the development of subsistence agriculture, large-scale monocultures, and livestock production (Barthem et al., 2004) .
Between 2004 and 2012, public and private forest conservation measures triggered a sharp decline of deforestation rates in the Brazilian Amazon (Nepstad et al., 2014) . Nevertheless, these have resurged since then, casting doubts on the longterm effectiveness of control and command measures to protect biodiversity (Fearnside, 2017; Schielein and Börner, 2018) . In forest frontiers of eastern Amazonia land-use change from primary forest to agricultural land takes different forms depending on road accessibility, population density, governance and cultural background of settlers (Schielein and Börner, 2018) . Therefore, in addition to restrictions on deforestation, agricultural intensification, and diversification is recognized as a critical step to conciliate biodiversity conservation and agricultural production (Macedo et al., 2012; Barretto et al., 2013) . In light of this, it is not clear which spatial land-use configurations can reconcile ecosystem services at the landscape scale. Since land-use change often threatens natural resources and the continued delivery of ecosystem services, there is an urgent need for developing land-use planning that better accounts for the societal demands for ecosystem services, and the biotic and abiotic characteristics of the land to support these ecosystem services (Tittonell, 2014; Schulte et al., 2015) .
We explore transition pathways in the municipality of Paragominas in northern state of Pará by taking a spatial approach and asking what spatial arrangements of land uses can enhance the provision of ecosystem services given a recent past of deforestation. Our study focuses at the landscape scale in order to draw an integrated assessment of the land in terms of the delivery of ecosystem services and societal demands thereof. We focus on three soil-related ecosystem services, carbon storage (CS), habitat for biodiversity (HB), and commodity production (CP) due to the tension between nature conservation and agricultural production (i.e., trade-offs between ecosystem services) that originated since the inception of the current landscape six decades ago (Schmink and Wood, 1992) .
The objective of this study is to identify priority areas and targeting of interventions aimed at augmenting specific functions of land management, including carbon storage, the enhancement of biodiversity and the provision of agricultural commodities. We analyze the landscape at the lower jurisdictional level (i.e., municipality), in order to integrate multi-scale demands and local governance to manage potential trade-offs between conservation and development. Jurisdictional approach is a term recently coined to indicate a landscape governance that seeks common goals among government, community stakeholders and businesses (Pacheco et al., 2017) . In the Amazonian context, this approach refers specifically to greening commodity chains and complying with zero-deforestation policies. By identifying areas where land-use changes would be most effective to meet societal demands while preserving the region's natural capital, our analysis can contribute to develop context-specific transition pathways in order to enhance landscape multifunctionality and resource-use efficiency in eastern Amazonia.
METHODS

Study Site
Our study was conducted in the municipality of Paragominas in the north-eastern state of Pará, Brazil. The municipality is located at one of the oldest agricultural frontiers in the Brazilian Amazon currently transitioning toward land-use intensification as an array of policy measures have prompted the end of extensive deforestation. Such measures include the revision of the Forest Code in 2012 with a strong focus on protecting natural vegetation both in public and private lands, restricting credits to illegal deforesters, blacklisting municipalities deforesting illegally, implementing supply chains moratoria and command and control mechanisms (Piketty et al., 2015; Azevedo et al., 2017; Nunes et al., 2019) .
Paragominas, nevertheless, has a history of intensive forest logging and livestock grazing that ignored key biophysical and environmental aspects for the spatial planning of these activities, such as land relief and soil characteristics (Poccard-Chapuis et al., 2014) . This trajectory has shaped the landscape of the region (Rodrigues et al., 2014) into a disconnected mosaic of regrowth and degraded forest, old fields, and low-productivity pastures (Nepstad et al., 1991; IBGE, 2016) . In turn, these landuse dynamics have led to soil degradation, disruption of nutrients cycling, biodiversity loss, and increased fire susceptibility (Uhl and Kauffman, 1990; Nepstad et al., 1999; Barlow et al., 2016) .
Pedo-morphological conditions in the region follow a specific pattern of monoclinal sedimentary units with a lateritic pedogenesis that results in geomorphological surfaces of different soil textures and erosion conditions (Laurent et al., 2017) . In Paragominas this manifests as plateaus of 160-190 m.a.s.l., separated by valleys of up to 10-12 km wide (Laurent et al., 2017) . As a result of the genesis of the bedrock and the local topography, plateaus in the Paragominas region are covered by the so-called Belterra clay (clayey Ferralsols with 70-80% kaolinite), upper valley slopes are covered by gravel soils, while the bottom of the valleys are covered by loamy sand Ferralsols (Rodrigues et al., 2003; Laurent et al., 2017) . Soil texture, in turn, is one of the main determinants of soil fertility, erosion, compaction, cation exchange, and water holding capacity (Laurent et al., 2017) . Therefore, our study site was first classified into pedo-morphological units that represent combinations of soil texture, slope, and proximity to water bodies (Figure 1) . We limited our analysis to clayey plateaus and sandy valleys, which account for 77% of the territory in Paragominas. We assumed a consistent soil type-pedo-morphology relationship across the study area (Laurent et al., 2017) . Regarding land use, we classified the region into managed areas (mechanized agriculture, pastures, and forest plantations), unmanaged areas (natural regeneration and degraded forest), and conservation areas (undisturbed forests).
Research Approach
We define a landscape as the spatial organization of biophysical characteristics and land uses driven by ecological processes and management practices (Poccard-Chapuis et al., 2014) . Landuse decisions, however, are mostly made at the farm scale and public policies are regulating these decisions. In this conception, socio-economic, institutional, and environmental dimensions interact across farm, landscape, and municipal scales composing a socio-ecological system (Gallopín et al., 2001) . We use the conceptual framework of Functional Land Management (FLM) (Schulte et al., 2014 (Schulte et al., , 2015 to spatially identify areas where land is being used and managed in such a way that ecosystem services provision is not optimal and can be enhanced. By recognizing soil multifunctionality, FLM aims at the optimization-rather than maximization-of soil-based ecosystem services, given the difficulty of maximizing all functions at the same time across scales. We refer to "supply" as the provision of soil-based ecosystem services as a function of biophysical characteristics, land use and management; whereas "demand" is derived from agro-environmental policies acting as proxies of societal expectations (Schulte et al., 2015) .
We considered pedo-morphology and land use as the two main drivers of the supply of ecosystem services in Paragominas. Thus, in order to manage the complexity of the socio-ecological system at the municipal level (19,342 km 2 ), we first categorized the region into landscape units (LU) defined as the combination of pedo-morphological conditions (Figure 1 ) and land-use categories (Schulte et al., 2014; Coyle et al., 2016) . To assess the ecosystem services supply for each LU, we reviewed the literature on the link between the provision of ecosystem services, pedo-morphological conditions, and land use. We assumed that these two bio-physical conditions (i.e., pedo-morphology and land use) will be the prime drivers of ecosystem services supply at the landscape scale because of their link with soil texture and land cover, respectively. First, we focused on the relation between each one of the ecosystem services and soil textural class as it conditions soil carbon storage capacity, soil fertility, and the likelihood that habitats for conservation will be competing with agricultural production in the region. We selected only studies from the Amazon and Cerrado biome except for the soil texture-soil biodiversity link as we did not find a relevant study for Brazil. This first literature review allowed us to qualitatively assess the (spatial) heterogeneity of the supply in relation to soil texture in order to build an informed categorization of LUs and capture general trends at the municipality level in relation to pedo-morphology.
A second literature review was conducted to assess the local delivery of CS and HB at land-use level using studies conducted in Paragominas. Carbon storage for major land use/land cover types was assessed using the Invest Carbon Model (Sharp et al., 2014) . We estimated carbon stocks by summing secondary data on soil carbon and aboveground biomass. Data on carbon in belowground biomass, dead and harvested wood were not available and were therefore not included in the analysis. For Goldsmith, 2008; Babajev, 2012; MDIC, 2018 Wood products 0.63 M (exports only) -∼57 5-12 Medium Pereira et al., 2011; de Lima Filho, 2014; de Paula et al., 2014; MDIC, 2018 Beef ∼330 M -∼25 1 Low Somwaru and Valdes, 2004; Babajev, 2012; MDIC, 2018 the supply of HB, we derived an index based on recorded number of species for birds, dung beetles, orchid plant bees, and ants for each land use type (i.e., α-biodiversity at the site level) reported in the literature. To calculate indices, we took the highest value for each indicator specified in Table 1 and assigned this a value of 1. The remaining values were divided by the maximum value to generate a relative scale with a maximum value of 1. Concerning CP, we selected the three main commodities produced in the region: soybean, beef and wood products, and assessed their gross profit margin and investment return period as indicators of commodity supply. We chose economic indicators because these capture one of the three main dimensions to assess productive performance of land use systems (besides the ecological and agronomic dimension; Murray et al., 2016) , and can be quantified for crop, beef, and forest production. We estimated the gross profit margin for each commodity based on official exports statistics for the year 2017, and other sources from scientific and gray literature reporting on internal markets, production costs, and profit margins in Brazil from 2004 to 2018 (Table 2) .
To frame the societal demands for ecosystem services delivery, we conducted reviews of the relevant policy frameworks related to CS, HB, and CP in Brazil. These included national policies, state legislation, and municipal regulations. We selected policies that explicitly state specific targets for our three ecosystem services. The selection of the demand indicators was based on these targets. In the case of CS, the targets include reducing national carbon emissions by 37% in 2025 in relation to 2005, and a ban on deforestation at the municipal level. The demand for HB was taken as the mandate to preserve 50-80% of each rural property as a forest conservation area, whereas the demand for CP was derived from the state-level targets aiming at annual production increases until 2030. We also took into account road infrastructure as underlying drivers of agricultural intensification.
Once indicators and values were developed and estimated both for supply and demand, we generated maps for the supply of ecosystem services by intersecting a map of pedomorphological units (which encompasses the corresponding soil textural categories) with a map of land use of Paragominas in Esri ARCGIS 10.4. This generated a map of LUs that then were attributed the indices derived from the literature (Figure 2 ) and illustrated in our supply matrix (Figure 3) . Regarding the demand maps, the spatial variation was not defined based on FIGURE 2 | Diagram of methodological steps followed to map the supply and demand of ecosystem services in Paragominas.
FIGURE 3 | Supply matrix of ecosystem services in Paragominas for different pedo-morphological units and land uses associated with different land use processes. Supply of carbon storage (brown), habitat for biodiversity (green), and commodity production (gray) are indicated by bubbles, and bubble size is indicative for relative supply level. This analysis is informed by a literature review (Tables 1, 2) and personal observations. the LU classification, but rather on the targets established in the policies and their application at the municipal level.
Finally, to explore land use pathways to enhance landscape multifunctionality, we integrated the supply and demand maps for CS, HB and CP (Figure 5) to generate a trade-off map for these ecosystem services (Figure 6) . We first standardized the supply and demand maps for CS, HB, and CP by generating maps with z-scores at the pixel level (630 × 630 m = 40 ha). Then the z-score transformed demand and supply maps were subtracted for each ecosystem service to reveal areas where FIGURE 4 | Overview of possible combinations of (mis)matches between carbon storage (CS), habitat for biodiversity (HB), and commodity production (CP), and associated trade-offs.
supply meets or fails demand. The spatial distribution of tradeoffs between CS, HB and CP were then integrated in a single map by systematically considering all eight (2 3 ) combinations of potential (mis)matches between CS, HB, and CP (Figure 4) . All calculations were conducted in ArcGIS 10 using the raster calculator.
Supply of Soil-Based Ecosystem Services
Clay content is an important factor driving carbon dynamics and storage in tropical soils whereby clay content is usually positively associated with soil carbon storage capacity (Feller and Beare, 1997; Six et al., 2002; Telles et al., 2003) . For example, in a study conducted on arable and native vegetation land in the Cerrado biome, Neto et al. (2010) reported a significant linear increase of soil organic carbon (0-20 cm) with clay content.
In a study conducted in eastern Amazonia, Silver et al. (2000) reported significantly greater soil carbon content in clayey soils than in sandy soils at 20 cm. Another study conducted in clayey and sandy soils of the same forest in the Amazonia state, reported that at 40 cm depth, the soil carbon stocks in Oxisols (61-71 Mg C ha −1 ) were significantly higher than in Spodosols and Ultisols with higher sand content (46 and 42 Mg C ha −1 ) (Telles et al., 2003) . Overall, these studies indicate that soils with higher clay content in the region tend to store more carbon and for longer times.
Regarding CS and land use, in a forest degradation gradient in Santarém, western Pará, Brazil, undisturbed primary forest had the highest stocks of soil carbon, followed by secondary forest, while disturbance by fire significantly reduced soil carbon (Durigan et al., 2017) . Soil carbon stocks were not affected by the conversion of primary forest to pastures but decreased FIGURE 5 | Maps of supply (A-C) and demand (D-F) of carbon storage, habitat for biodiversity, and commodity production in Paragominas.
FIGURE 6 | Areas of potential (mis)matches and trade-offs between ecosystem services according to pedo-morphological units and land uses in Paragominas.
Frontiers in Environmental Science | www.frontiersin.org significantly when conversion to cropland took place (Durigan et al., 2017) . Along a similar forest degradation gradient in Paragominas, carbon stocks in aboveground vegetation, dead wood, litter and soil (upper 30 cm) decreased from undisturbed forest (276 Mg C ha −1 ) to logged forest (238 Mg C ha −1 ), logged and burned forest (187 Mg C ha −1 ), and secondary forest (125 Mg C ha −1 ) (Berenguer et al., 2014) . Furthermore, Sommer et al. (2000) reported significant changes in soil carbon and root biomass after undisturbed forest (196 Mg C ha −1 ) was converted to annual cropping agriculture (146-167 Mg C ha −1 ), but no significant difference when converted to slash and burn agriculture (185 Mg C ha −1 ). Data from these studies indicate that there are major differences in the amount of carbon undisturbed forests store as compared to croplands Intermediate values are reported for other land uses.
Soil texture in combination with climate and management are also important factors influencing the activity of soil macrofauna that produce biogenic structures (Brussaard et al., 2007) . Moreover, soil texture also has been reported to be an important regulator of microbial communities in the soil after deforestation. For instance, Crowther et al. (2014) found that clayey soil textures act as a buffer for micro-organisms against altering soil moisture conditions, pH, and nutrients concentrations that may result from forest removal. They reported minimal differences of microbial communities between forest and grassland soils in 11 sites across the United States. The same authors compared their results in the United States to those of Rodrigues et al. (2013) who found that the mean bacterial richness in the soil increased by 47 taxa after forest clearance in western Amazonia. Crowther et al. (2014) found that the species richness of bacteria in the clayey Brazilian soils is relatively stable across sites with different clay textures. These results point at the apparent protective effect of clay textures to micro-fauna even after deforestation. Furthermore, Hassink et al. (1993) reported a higher grazing pressure by nematodes on bacteria in sandy soils than in clayey soils, which in turn was linked to higher N mineralization rates per bacterium. It is recognized that micro-organisms, such as bacteria, might stimulate nutrient cycling, as many are considered to be keystone species (Lupatini et al., 2014) . As in the case of CS, clayey textures and their higher soil organic matter content appear to provide protective effects to both soil microand macro-fauna.
Concerning HB and land use, the α-diversity of birds, dung beetles, orchid plant bees and ants declines from a gradient of undisturbed forests to mechanized agriculture in Paragominas (undisturbed primary forest > logged primary forest > logged and burnt primary forest > secondary forest > pastures > mechanized agriculture) (Solar et al., 2015 (Solar et al., , 2016 . In addition, Barlow et al. (2016) reported that forest fragmentation and disturbance was associated with the loss of 46-61% of the biodiversity conservation value of forests in Paragominas. Rodrigues et al. (2013) , found that in western Amazonia bacterial communities were significantly higher in αbiodiversity in pasture soils than in forest soils. Nevertheless, the opposite was the case for β-biodiversity (i.e., differentiation across space) suggesting a process of biotic homogenization after forest conversion that leads to endemism loss and invasion of broad range taxa. Conversion of primary forests to pastures also has been found to reduce fungal richness and affect community fungal composition of specialized species in the Amazonian region (Mueller et al., 2016) . These data were used in our study to estimate HB indices for land use (Table 1) .
We also used soil texture as an indicator of agricultural soil quality since clayey soils in the Paragominas region have a greater inherent fertility and water holding capacity, as well as slower rates of nutrient leaching than sandy soils. For this reason, mechanized annual cropping such as soybean, maize, and sorghum production, and forest plantations are typically located on clayey soils, whereas sandy and gravel soils are used for pastures (Piketty et al., 2015) . Due to this distribution, our assessment distinguishes areas of crop production located on the plateaus where clayey soils are predominant, areas of forest plantations located both on plateaus and on sandy valleys, and pastures located mainly in the sandy valleys.
The capacity of different land uses to produce soybeans, beef and wood products were assessed in terms of gross profit margin. In 2017, Paragominas soybean exports amounted a total of US$219 million (MDIC, 2018) . On the other hand, operation costs of no-till, genetically modified soybean in different parts of Brazil ranges from US$112-132 ton −1 (Goldsmith, 2008; Babajev, 2012) . These figures give an estimated production cost of $80 million (exported net weight of soybeans from Paragominas in 2017 was 604 thousand tons). Including transportation costs, estimated at 85$ ton −1 for Mato Grosso (Goldsmith, 2008) signifies a gross profit margin of around 40%. Concerning beef production, the herd in Paragominas consisted of 253 thousand heads in 2017, with an export revenue of US$12.2 million (MDIC, 2018) . The total weight of exported frozen meat and edible offal in 2017 was 1,893 and 599 tons, respectively (MDIC, 2018) . Using conversion factors of 61% for frozen meat and 42% for edible offal (Holland et al., 2014) we estimated a total of 3,156 and 1,437 tons of live weight, respectively. Taking 545 kg as an average weight for live animal means that the number of heads devoted for exports was around 11,000, equivalent to roughly 4% of the total livestock in Paragominas. The other largest fraction of beef production was destined to local processors in other municipalities such as Belém and Castanhal. Taking US$2 kg −1 (Globo, 2014) as a general market price in the region, this signifies a revenue between US$ 290-320 million. Summing up exports and local market indicates that revenues from beef production in Paragominas amounts to roughly US$330 million. While no data were available on the fraction of the animals that are not exported and remain as livestock or as a commodity in the local market, Somwaru and Valdes (2004) reported a gross profit margin of 24% for beef production in Paragominas. Finally, exports concerning forest products including wood, wood products and charcoal amounted to a total of US$0.64 million in 2017 (MDIC, 2018) . In the state of Mina Gerais, the gross profit margin of eucalyptus plantations was estimated at 57% during a period of 7 years equivalent to a mean yearly profit of 8% (de Lima Filho, 2014) . Another feasibility study for eucalyptus plantations in the Amazonia reported for a 5year rotation plantation a profitability index ([Net Present Value + initial investment]/initial investment]) of 4.97. A profitability index larger than 1 indicates the financial attractiveness of a project; however, the payback period of a eucalyptus plantation in the Amazonia is around 5-7 years when destined for pulp and 12 years when destined for energy. Other forest species such as paricá (Schizolobium amazonicum Huber ex. Ducke) are used in the region for plywood production with investment return periods of 7 years in Paragominas (de Paula et al., 2014) .
These economic data indicate that soybean has the highest supply of commodity production based on a 40% profit margin and a short period on return on investment ( Table 2) . Forest plantations can have a high profit margin (57%) but have a return on investment period ranging from 5 to 12 years. Therefore, we rank forest plantations as a medium supply of commodity production. Finally, beef production is ranked as low supply of commodity due to a relative low profit margin. Indeed, the greater profitability of soybean is one of the factors hindering beef production and restoration of degraded pastures in eastern Amazonia (Santos et al., 2007) . It is important to acknowledge that this classification depends on price volatility. Due to its inelastic demand soybean is considered as one of the most volatile agricultural commodities. Beef, in contrast, is much less volatile (OECD/FAO, 2018). translates this into a 42% reduction target for deforestation in the period 2016-2020 in relation to the previous period from 2011 to 2015. Furthermore, the Green Municipality project in Paragominas advanced a zerodeforestation pact among an array of stakeholders since 2009, which was renewed in 2016 (Vilhena, 2016) .
Demand for Soil-Based Ecosystem Services
A crucial aspect for our analysis was to determine the implications of national targets at the local level in the absence of an explicit municipal target concerning carbon storage. Paragominas' agricultural sector gross domestic product represents <0.5% (US$95 million in 2016; IBGE, 2018) of the national agricultural primary sector estimated at US$77 billion in 2017 (Ministério da Agricultura, 2016). A calculation based on this proportion would equate to a target of 0.67-0.81 million tons CO 2 eq for Paragominas (the mitigation potential of the national agricultural sector amounts to 133.9-162.9 M tons CO 2 eq as estimated in Plano ABC). An estimation based on agricultural area results in a similar value of 0.5% of the total agricultural land in Brazil. These estimates show that based on these criteria, the national target would correspond to a municipal target in the order of magnitude of 0.7 M tons of CO 2 eq. We did not further identify a spatial variation of this target within the municipality.
The demand for habitat for biodiversity was informed by the habitat requirements stated in the Forest Code (Código Florestal, Lei n • 12.651). It stipulates that all rural properties in the Amazon spare conservation areas known as Legal Reserves equivalent to 80% of the property and preserve all riparian forest (known as APPs, permanent conservation areas) within a distance of 30, 50, 100, 200, and 500 m from rivers, depending on their length. An exception to this rule is contemplated in the Decree No. 7.130/2010, which concerns the Ecological-Economic Zoning. In practice this often means that Legal Reserves within productive areas make up for 50% of the farm. We framed the demand for HB in relation to the regularization plan of each rural property in order to comply with the 80/50% legal requirement.
Regarding the demand for CP, the state development plan, Plano Pará 2030, targets yearly increases of 15-18 and 2-4% for soybean and beef production until 2030, respectively. An important factor for delivering on the intensification of commodity production is market access (Piketty et al., 2015) . Paragominas is located near the intersection of two interstate roads of which the federal road BR0-10 is a major transport route for agricultural produce. In recent years, mechanized agriculture and forest plantations have expanded predominantly in areas of clayey soils close to the Paragominas urban center due to easy road access (Piketty et al., 2015) . We accounted for these trends by generating a map indicating traveling-time (areas of 1, 2-3, and >3 h) to the city of Paragominas near the main interstate road (BR0-10) to distinguish areas where the demand to increase production is more likely to materialize. Such increases in CP can only take place in areas already cleared since opening new forest areas is forbidden. We identified those areas, where the policy targets to increase production will be more likely to manifest in the landscape, by intersecting our traveling-time map with non-forested areas.
RESULTS
Mapping the Supply and Demand for Ecosystem Services
We identified critical areas of carbon storage to mitigate carbon emissions from deforestation and forest degradation (Figure 5A) . Using the Carbon Invest Model and secondary data, total C stocks in Paragominas in the soil and aboveground biomass were estimated at 279 million Mg C. Areas covered by undisturbed forests were estimated to store 247.8 Mg C ha −1 , while the lowest values were modeled for croplands (46.2 Mg C ha −1 ). This indicates that undisturbed forests in Paragominas store 142 million Mg of carbon. Since the demand for CS has been downscaled from the national to the municipal level there is no spatial variation for demand of CS (Figure 5D) .
Regarding the supply of HB, undisturbed forest supports the highest supply of HB (Figure 5B) . These areas account for 36% of the total municipality. Areas of lower habitat quality are located mostly close to the city within 1 h away from the main road where agriculture dominates the landscape. Concerning the demand, the total area of Legal Reserves and APPs stipulated in the regularization plans of farms in Paragominas adds up to 1.02 M ha (Figure 5E ) and represents 52% of the municipal area. The total forest area in Paragominas is 56% (INPE, 2018) , which suggests that in terms of forested area the demand for HB is met in the region. Regarding CP, the highest supply in terms of gross profit margin takes place on clayey soils located near the main road with soybean production. Forest plantations, which provide intermediate supply, are also concentrated in the central area of the municipality, while pastures for beef production are mostly distributed to the east, in areas more than 1 h away from the road (Figure 5C) . Targets framed at the state level represent the demand to increase CP. In areas where mechanization and access to inputs and markets is less costly the demand is higher (Figure 5F) . Nevertheless, considering the projected yearly increase of crop and livestock production up to 2030, intensification could also increase in more remote areas. Furthermore, the demand for CP could turn into pressure on forested areas that are located on clayey soils close to the city.
Potential Spatial (Mis)matches and Trade-Offs
Non-CP areas where the supply of CS and HB meet the demand (Mismatch type 1 in Figure 4 ) represent 32% of the analyzed area (Figure 6) . These are areas covered by undisturbed forest on clayey plateaus and on sandy soils (i.e., "Nature areas" in Figure 6 ). "Production areas" (Mismatch type 8 in Figure 4 ) represent 18% of the area (shown in blue in Figure 6 ). These are pastures in sandy valleys and croplands on top of the plateaus. Here, CP is happening at the expense of CS and HB. "Suboptimal areas" (Mismatch type 4 in Figure 4 and indicated in red in Figure 6) , represent 49% of the total area and are likely suboptimal for CP as these areas are mostly composed by pastures in floodplains and plateaus and agriculture in sandy valleys. These areas can also be sub-optimal for CS and HB because of forest degradation or abandonment (Figure 6) . The identification of trade-off areas in conjunction with the supplydemand maps were the basis to identify possible pathways for landscape multifunctionality (Table 3) .
DISCUSSION
Meeting Carbon Storage and Biodiversity Conservation Targets
Our analysis indicates that undisturbed forests fulfill the demand for carbon storage (Figure 5A) . These critical areas, however, are located on clayey soils that are also suitable for grain production. Thus, even though extensive deforestation has been controlled and minimized in the region, these forests may face pressure in the near future due to forest degradation (Berenguer et al., 2014) . Conversely, other land uses such as degraded pastures and croplands with lower carbon stocks offer potential to meet the further demand for carbon storage. For example, it has been estimated that land-use conversion in the tropics, from cropland to pastures, to forest plantations and to secondary forests can increase soil carbon by 20-50% (Guo and Gifford, 2002) . Similarly, restoring degraded pastures and implementing silvo-pastoral systems has a storage potential of 1.0 and 1.7 tons C ha −1 year −1 , respectively (Gurgel and Costa, 2015) . Other studies suggest that integrated silvo-pastoral systems in the Amazonia can store an additional amount of soil carbon (at 1 m depth) of up to 1.9 tons C ha −1 compared to extensive traditional pastures (de Moura Oliveira et al., 2018) . Paragominas possesses 300,000 ha of degraded pastures that, if managed and restored, would represent a carbon storage potential of 0.3-0.5 M tons C year −1 (Gurgel and Costa, 2015) . This means that Paragominas could theoretically contribute its share of the national target (0.81 million tons of CO 2 eq) in only 2-3 years.
Concerning HB, in 2010, 56% of Paragominas was covered by forest (INPE, 2018) , 51% consisted of primary forest (including degraded forest), and 5% of natural regeneration . According to the Rural Environmental Registry (CAR), 67% of the rural properties of Paragominas comply with the Forest Code requirements, 31% have some pending issue, and only 2% of the properties have been assessed as not meeting the requirements. If we compare these records with the available data from our literature review, we can notice that, for example, most of the rural properties located close to the main road comply with the legislation However, according to the secondary data it is precisely in these areas where the lowest levels of biodiversity can be found (Figure 5B) . This suggests that the current legislation was not framed in the most pertinent way to effectively safeguard HB. Indeed, there is an increasing concern that Legal Reserves tend to be disconnected from the network of protected areas because there are no explicit policy targets concerning forest habitat connectivity at the landscape scale that take into account forest patch size, patch shape, and landscape fragmentation (Oakleaf et al., 2017) .
Landscape Multifunctionality, (Mis)matches, and Trade-Offs
In this paper we argue that the trade-offs between ecosystem services in the region emerged from historical agrarian dynamics, i.e., colonization by pioneers from other regions of the country, characterized by land-use changes that ignored key landscape characteristics. It is in this context that we envision a multifunctional landscape as one that matches supply and demand of different ecosystem services through synergistic interactions between multiple ecosystem services. However, attaining these synergies is difficult in complex agroecosystems and therefore FLM aims for the spatial optimization rather than the ubiquitous maximization of all ecosystem services (Schulte et al., 2015) .
Our notion of landscape multifunctionality aligns with what Manning et al. (2018) define as ecosystem service multifunctionality as opposed to ecosystem function multifunctionality. The former concerns the supply of an ecosystem service according to the value assigned by human judgement, whereas the latter focuses on the ecological processes. Furthermore, following the classification of landscape multifunctionality proposed by Mastrangelo et al. (2014) (i.e., pattern-based multifunctionality, processbased multifunctionality, socially relevant process-based multifunctionality), our approach is based on a spatial approach in order to identify priority areas (i.e., trade-offs and mismatches) where interventions via land-use change and management practices could be pertinent. However, we also integrate social elements by taking the policy framework as proxies of societal demands, and by taking into account aspects such as infrastructure and markets access. Additionally, our supply matrix (Figure 3) illustrates the concept of landscape multi-functionality in terms of natural processes linked to pedomorphology and land use driving the supply of each ecosystem service. By applying the FLM framework we integrate elements of the main three multifunctionality categories defined by Mastrangelo et al. (2014) despite the constraints of primary data availability and direct stakeholder participation for ecosystem services selection.
Furthermore, our trade-off map integrates the analysis of CS, HB, and CP by dividing the region into three main types of landscape configurations (Figure 6) . Suboptimal areas cover around half of the municipality but encompasses a variety of land uses and covers located in different pedomorphological areas ( Table 3) . "Production" and "Nature areas" cover the other half of the region and are typically spatially separated, often located 1 h away and more than 3 h away from the urban center, respectively. We could conjecture that the spatial patterns of these two areas follow a land sparing arrangement. Phalan (2018) defines land sparing as the conservation intervention to increase agricultural productivity and free up land for habitat conservation. Areas of high-intensity practices in Paragominas are expected to be incompatible with biodiversity conservation (due to practices such as heavy use of pesticides) and tend to have a relatively coarse spatial grain (e.g., the average rural property size in the region is 800 ha). At the municipal scale, this results in an emergent pattern of relatively large areas with intensified agricultural production that are spatially separated from high quality habitats for biodiversity conservation. The caveat of this spatial arrangement in Paragominas is that a pure land sparing configuration in tropical contexts is generally followed by a transition to a cleared landscape (Angelsen and Kaimowitz, 2001) . Although environmental legislation in Brazil may prevent large-scale forest clearing, forest degradation and habitat disconnection may still be considered a threat to biodiversity conservation in the region.
Our spatially explicit categorization of landscape units and the (mis)matches and trade-offs between ecosystem services may guide the implementation of measures to reorganize the landscape. Our analysis is based on what Driscoll et al. (2013) denominates the "patch-matrix model" of fragmented landscapes, i.e., patches of native vegetation surrounded by a highly modified matrix due to agriculture. Our analysis points out the importance of managing this matrix in order to match supply and demand of ecosystem services. Specifically for biodiversity, the same authors suggest that managing the matrix in a fragmented landscape can have effects on movement and dispersal, resource availability, and the abiotic environment. Therefore, one strategy in Paragominas should be to make the matrix structurally more similar to the remaining forest patches. In this way the landscape could benefit from incorporating a land-sharing approach in "Production" areas to increase forest connectivity in order to enhance species dispersal, food availability and improve microclimatic conditions. This could also be the case for some "Suboptimal" areas where forest enrichment, reforestation, afforestation, or the incorporation of integrated systems such as silvo-pastures or agroforestry could be designed toward a land-sharing approach. A focus on the catchment level may be required to explore new conservation strategies that take into account matrix heterogeneity in space and time, and adaptation of species to changing landscape conditions (Driscoll et al., 2013) . Such measures to make the matrix resemble patches of natural vegetation could simultaneously increase the supply of carbon storage.
On the other hand, a land-sparing format for biodiversity conservation could be kept in "Nature areas" and in "Suboptimal" areas that are unsuitable for agricultural production. This mosaic of land-sharing/sparing based on our maps could reconcile what some authors point out as the false dichotomy between land sharing and sparing (Renwick and Schellhorn, 2016) . Kremen (2015) calls this a "both-and" design characterized by the establishment of large protected areas able to host endemism and specialist species, and a matrix of agricultural landscapes surrounding conservation areas allowing for species dispersal and room for human activities.
Pathways to Match Supply and Demand of Ecosystem Services
Following this "both-and" logic, we distinguish two pathways to match supply and demand of ecosystem services, while minimizing trade-offs in Paragominas. A first pathway centers on agricultural management at the field scale. For example, land for soybean production under conservation agriculture practices is expected to yield different results on the supply of CS or HB compared to soybean monoculture under conventional practices (Corbeels et al., 2006; de Pontes et al., 2017) . Thus, a farmer aiming to increase grain production on a clayey plateau can adopt intensification measures such as precision agriculture, no-tillage, or crop-livestock integration to increase commodity production without compromising the supply of CS and HB (Corbeels et al., 2006; Maia et al., 2010; Sentelhas et al., 2015; Gil et al., 2016) . A second example includes pastures that are integrated into silvo-pastoral systems to increase the production of meat and timber, while at the same time increasing CS and HB. Tree-livestock-crop integrated systems may foster positive interactions between different ecosystem services and resourceuse efficiency in the Amazon and the Cerrado (Campos et al., 2015; da Conceição et al., 2017; Stark et al., 2017; Gil et al., 2018) . Considering the supply matrix (Figure 3) , this pathway means that within a landscape unit (e.g., mechanized agriculture on clayey plateaus) the supply of all ecosystem services can be increased (i.e., the size of the bubbles) by adopting management practices that modify soil properties as well as energy, nutrient and water fluxes at the field and farm level. This in turn, can lead to an agricultural matrix that resembles as much as possible the ecological functionality of the forest. Importantly, the absence of management as a result of abandonment can also play a role in the supply of ecosystem services in the region. For instance, unmanaged pastures can lead to natural regeneration and subsequent increases in botanic biodiversity (Poccard-Chapuis et al., 2014) . Conversely, the absence of management of degraded forest can have detrimental effects on carbon stocks due to the incidence of forest fires (Berenguer et al., 2014) .
A second pathway concerns land-use changes. In terms of the supply matrix (Figure 3) , this implies a displacement from one landscape unit to another, e.g., from natural regeneration in clayey soils to crop land on clayey soils. These land-use changes should aim at increasing forest connectivity. Under this scenario, trade-offs between CP and CS-HB are minimized by prioritizing conservation in selected areas that have less potential to produce commodities (i.e., "Suboptimal" area). Suboptimal areas where production has less potential (i.e., natural regeneration in sandy valleys close to water bodies) could also be prioritized for conservation to minimize trade-offs at the landscape scale. This pathway, however, has the challenge of managing at a higher scale than the farm, the main operational level of functional organization in the region (Poccard-Chapuis et al., 2014) .
A critical point for optimizing ecosystem services is to distinguish where to follow which pathway. This revolves around the question of where the clayey soils, roads, forests, and cleared areas are located because this will determine the aptitude of a particular area to perform certain ecosystem service. Therefore, optimization of the landscape means that intensification activities with emphasis on integrated systems should be placed in open areas without forests located on plateaus and in valleys ("Production" areas and "Suboptimal" areas with natural regeneration). These areas account for 20-25% of the municipality. Reforestation should be prioritized to increase forest connectivity in areas with low production potential, such as "Suboptimal" areas on floodplains (10-15% of the municipality).
"Nature" areas (a third of the total area) should be kept protected, while forest restoration should be implemented in areas of forest degradation with low production potential covering between 10 and 15% of the territory. This leaves between 15 and 20% of "Suboptimal" areas with degraded forest located on plateaus or in valleys that could have potential for production or forest restoration ( Table 3) .
As pointed out by Schulte et al. (2015) , it is important to acknowledge that FLM is not a call for a top-down approach to impose a zoning in the region. Rather, we intend to offer tools that foment land-use planning discussions that go beyond the farm level and take into consideration biophysical aspects that require a landscape approach, for example, at the catchment level. The development and implementation of pathways through the identification of trade-off areas may involve a highly complex governance challenge that requires the engagement of all relevant actors in the region. Given the recent success story of a societal agreement toward environmental compliance in Paragominas through the "Green Municipality" project (Viana et al., 2016) , the region appears in a good position to embark in such a task.
The development of these pathways is the subject of further research under the approach of what Huppes and Ishikawa (2007) define as environmental cost-effectiveness; that is, an environmental prime as the criteria to rearrange the landscape. These could potentially counter the "artificialization" of the landscape in Paragominas and move toward more endogenous landscape systems that are better at fulfilling the demands for ecosystem services in a way that is both ecologically and economically sustainable. One of the main challenges in this regard is to make the jurisdictional approach operational to attain landscape governance given the diversity of scales, actors, and demands (Pacheco et al., 2017) . What are the options within conventional, resource-intensive agriculture to introduce spatial changes oriented toward the transition of food systems? Can land-use planning offer a way to contribute to this transition? Does matching the supply and demand of ecosystem services offer a model of ecological intensification in a tropical post-forest frontier? As pointed out by Tittonell (2014) , processes of ecological intensification require a landscape approach that takes nature as an active ally. Contrasting the supply and demand for ecosystem services offers a hint of what the current role of nature is in the landscape of Paragominas and the possible pathways to be implemented at the farm level to "work with nature" and attain landscape multifunctionality.
Limitations
A few limitations in our approach emerge from our conceptualization of landscape multifunctionality. First, we established a (mis)match in terms of policy targets that we take as a proxy of societal demands (Schulte et al., 2015) . These targets were established at federal and state level and do not necessarily reflect the actual demand and use of ecosystem services by local stakeholders. In the original case study conducted in Ireland, FLM takes policy targets as societal demands as Ireland has policies explicitly stating agricultural and environmental targets.
However, the representativeness of policies in a relatively small country like Ireland as compared to a country with continental scales such as Brazil can vary greatly. For example, in 2018, the Economist Intelligence Unit's Democracy Index placed Ireland in the 6th place worldwide with a score of 8.33 for political participation, while Brazil ranks number 50 with a score of 5.00 (The Economist Intelligence Unit, 2019). Assuming the same policy-making process in such a different context as Brazil can be misleading but given the complexity of all the different governance layers that affect land use in eastern Amazonia, these policy targets become a useful starting point to examine the relationships between international, national, and local demands that shape the landscape of Paragominas. This paper thus, does not consider direct stakeholder participation because it attempts to provide an overarching panorama of the landscape in terms of ecosystem services and environmental policies. Further studies on the comparison of policy targets and the perception and actual demand of ecosystem services by stakeholders could provide valuable insights to what extent demands for ecosystem services at policy levels align with demands by other stakeholders.
A second limitation of our study is that we considered only three particular ecosystem services. The selected ecosystem services have the advantage that their supply can be upscaled with a reasonable degree of reliability from a landscape unit to the whole landscape. Other ecosystem services, such as nutrient cycling, water regulation, pollination, and pest control and cultural ecosystem services are equally important but involve spatial aspects or complexities that make upscaling from plot to landscape level fraught with uncertainties (Manning et al., 2018) . For example, insect-mediated ecosystem services, such as natural pest control is governed by the dispersal ability and behavior of natural enemies, which are species-specific and hard to generalize (Karp et al., 2018) . Ecosystem services associated with water and nutrient flows pertain complexities, such as vertical distances from tree to soil, livestock mobility, and surface infiltration (Poccard-Chapuis et al., 2014; Lavelle et al., 2016) . Cultural ecosystem services are often bundled with food values and are difficult to localize and to correlate with other ecosystem services (Cooper et al., 2016) . Our three focal ecosystem services on the other hand, can be quantified at large spatial scales and enables identifying "pressure points" (i.e., mismatches) at relevant spatial scales for policy making.
A third limitation of this study is our reliance on only secondary data. By restricting our literature review on studies from the Amazon and Cerrado biome we harnessed the context-specificity of CS and HB data as much as possible. The supply of CP was estimated in part from studies from more remote areas and from different years over the last 15 years. Our results, therefore, should be interpreted with caution, and used as indicators of spatial patterns (i.e., areas of trade-offs between ecosystems), rather than interpreted as geo-referenced quantification of ecosystem services.
CONCLUSIONS
In this paper we defined landscape multifunctionality in terms of the values that are assigned to different functions by different stakeholders. However, the landscape of Paragominas is conditioned by different sets of values: from environmental to productivity-oriented, from global to local, from a desire to urbanize to a call for pristine wilderness in the region. How can the landscape satisfy all these values?
Combining land-sparing and sharing formats can generate a multifunctional mosaic that satisfies as much values as possible in line with the philosophy of Functional Land Management. This could also provide enough flexibility to cope with the biophysical heterogeneity, while taking into account aspects such as land tenure and accessibility. This strategy, however, may require that conservation areas are delimitated beyond the boundaries of a single rural property (e.g., the watershed level).
Ultimately, the multifunctionality of the landscape ought to be constructed by the decision makers of the region who are local farmers in the first place deciding based on individual values. In this paper we provide a delimitation of three areas at the municipal level characterized by different trade-offs between ecosystem services. This is intended as a source of terms, concepts and data, around which stakeholders can gather around in order to engage in a complex decision-making process toward enhancing landscape multi-functionality in Paragominas.
